The methylation of lysine 4 of Histone H3 (H3K4me) is an important component of epigenetic regulation. H3K4 methylation is a consequence of transcriptional activity, but also has been shown to contribute to ''epigenetic memory''; i.e., it can provide a heritable landmark of previous transcriptional activity that may help promote or maintain such activity in subsequent cell descendants or lineages. A number of multi-protein complexes that control the addition of H3K4me have been described in several organisms. These Set1/MLL or COMPASS complexes often share a common subset of conserved proteins, with other components potentially contributing to tissue-specific or developmental regulation of the methyltransferase activity. Here we show that the normal maintenance of H3K4 di-and tri-methylation in the germ line of Caenorhabditis elegans is dependent on homologs of the Set1/MLL complex components WDR-5.1 and RBBP-5. Different methylation states that are each dependent on wdr-5.1 and rbbp-5 require different methyltransferases. In addition, different subsets of conserved Set1/MLL-like complex components appear to be required for H3K4 methylation in germ cells and somatic lineages at different developmental stages. In adult germ cells, mutations in wdr-5.1 or rbbp-5 dramatically affect both germ line stem cell (GSC) population size and proper germ cell development. RNAi knockdown of RNA Polymerase II does not significantly affect the wdr-5.1-dependent maintenance of H3K4 methylation in either early embryos or adult GSCs, suggesting that the mechanism is not obligately coupled to transcription in these cells. A separate, wdr-5.1-independent mode of H3K4 methylation correlates more directly with transcription in the adult germ line and in embryos. Our results indicate that H3K4 methylation in the germline is regulated by a combination of Set1/MLL componentdependent and -independent modes of epigenetic establishment and maintenance.
Introduction
The modulation of chromatin architecture is a key level of regulation for potentially all eukaryotic DNA-based processes including gene expression, and DNA replication, repair, and recombination [1] . One level of chromatin modulation involves the methylation of lysines in nucleosomal histones, which can be mono-, di-, or tri-methylated. The positions of methylated lysine residues, and even the extent of methylation at any single lysine, have been associated with distinct transcriptional outcomes [2] . For example, methylation at lysine 4 of histone H3 (H3K4me) correlates with transcriptional activation, whereas methylation on lysines 9 or 27 of H3 (H3K9me/H3K27me, respectively) is most often linked to gene repression [2, 3] . Methyl groups are added to the lysine residues of histones by histone methyltransferases (HMTs) [4] . In S. cerevisae, the sole H3K4 HMT, Set1, is recruited to chromatin by the RNA polymerase II (Pol II) elongation machinery [5, 6] . The occupancy of Set1 and H3K4 methylation are highly correlated on transcribing genes, with trimethylated H3K4 (H3K4me3) enriched in the 59-end and dimethylated H3K4 (H3K4me2) extending further into the gene body [5, 7, 8] . Set1 is the only H3K4-specific HMT identified in S. cerevisae, yet it is not essential for yeast survival under laboratory growth conditions [9] .
While some HMTs have detectable in vitro activity as isolated proteins, substantial and specific in vitro activities of the known H3K4-specific SET HMTs often require the addition of other components from their in vivo complexes [10] [11] [12] . The COMPASS complex, within which budding yeast Set1 operates, contains seven components that are important for Set1 activity (Table 1 and [13] [14] [15] [16] ). Components of the COMPASS complex are highly conserved from yeast to humans, although different subsets of the subunits are distributed among different H3K4 HMT complexes in multi-cellular organisms [10, 17, 18] . At least six Set1 homologs have been identified in mammalian cells: Set1A, Set1B, and four members of the Mixed-Lineage Leukemia (MLL) family: MLL1, 22, 23, and 24 [19] [20] [21] [22] [23] . The S. cerevisiae homologs of other components in the mammalian Set1/MLL complex(es) include RbBP5 (Swd1), WDR5 (Swd3), Ash2 (Bre2), Cfp1 (Spp1), and hDPY30 (Sdc1) ( Table 1 and [19] [20] [21] [22] 24] ). Biochemical studies suggest that WDR5/Swd3 and RbBP5/Swd1 are essential for complex stability and activity, whereas Ash2/Bre2 and Cfp1/ Spp1 might play roles in the conversion from di-to tri-methylation [10, 25, 26] . Knockdown of WDR5 affects H3K4me1/2/3 to various degrees in mammalian cells [18] , consistent with the idea that WDR5 plays a central role in stabilizing the complex and regulating its HMT activity [10, 26] .
Important developmental roles for this complex have been identified in multiple organisms. WDR5 is required for the maintenance of H3K4me3 levels at the HOXA9 and HOXC8 loci in mammalian cells and is important for the normal expression of these two genes [18] . In X. laevis, knockdown of WDR5 leads to reduction of H3K4me1 and H3K4me3 levels and a variety of developmental phenotypes including somatic and gut defects [18] . Previous studies in C. elegans have also implicated the Set/MLL complex as playing important roles in growth and somatic gonad and vulva development, at least partly through attenuation of Ras signaling [27, 28] .
Although some structural studies have suggested that WDR5 recognizes the most N-terminal residues of histone H3's ''tail'' [29] [30] [31] [32] , other studies have shown that H3 tail recognition by WDR5 may not require K4, as the interaction between WDR5 and the H3 tail can be independent of H3K4's methylation status.
In contrast, asymmetric dimethylation of arginine 2 of H3 (H3R2me2a) abolishes binding of WDR5 to the H3 tail [33] [34] [35] . Recent studies indicate that MLL interacts with WDR5 through a WDR5-interacting (Win) motif that shares homology with the Nterminus of H3, and indeed the interaction site in WDR5 is the same for both MLL and H3 [36] [37] [38] [39] [40] . This suggests that interactions of WDR5 with H3 and MLL may be mutually exclusive. Intriguingly, in vitro-assembled complexes that lack the MLL protein still exhibit H3K4-specific HMT activity [38] . This suggests that MLL is not the sole HMT activity in the MLL complex, and that WDR5 binding to H3, to the exclusion of MLL, may not necessarily abrogate the complex's role in histone modification. In addition, histone demethylase activities are reported to copurify or otherwise interact with Set1/MLL core components, suggesting the complex may have a variety of roles in epigenetic regulation [27, 41] .
These studies have provided significant insight into how H3K4 methylation may be differentially regulated by components of the HMT complex, yet the contributions of this regulation to developmental pathways are still poorly understood. Indeed, the function of the H3K4me mark itself is unclear. Although H3K4 methylation has been assigned roles in the regulation of gene activation, it is also clearly a downstream consequence of gene activity. It has been proposed that H3K4 methylation could serve as a ''memory'' of where transcription has occurred, which in turn may stably guide further transcriptional regulation after cell division and throughout differentiation [42] [43] [44] . Recent data support this and suggest that histone methylation can serve as a component of epigenetic memory that can even be transferred intact across multiple generations. For example, mutation of the H3K4 demethylase LSD1/KDM1 causes an inappropriate and continued accumulation of H3K4me2 in germ cell chromatin across many generations [45] . This H3K4me2 accumulation correlates with a progressive, generation-dependent ''germline mortality'' phenotype in mutant populations, a phenotype that presumably results from the heritable accumulation of H3K4me2 that is not properly removed in the absence of LSD1 [45] .
Another mark normally considered a product of ongoing transcription, H3K36me, has recently been shown by our lab and others to heritably mark, in embryos, genes that had last been expressed in the germ cells of the preceding generation [46] . This heritable marking is by a metazoan-specific H3K36 HMT, MES-4, that in C. elegans can operate in a largely transcription-independent mechanism. The role of MES-4 in this mode of ''maintenance histone methylation'' is essential for germline viability.
Recent studies in both mammals and worms have shown that histone modifications imposed in the paternal germ cells can be transferred into subsequent generations through sperm chromatin in mammals [47] . These include chromatin regions at genes transcribed in germ cells, but also so-called bivalent domains, regions marked by both H3K4 and H3K27 methylation, which have been observed to similarly mark inactive, developmental loci in ES cells [47] [48] [49] [50] . Indeed, there is significant overlap in the loci marked by bivalent domains in both sperm and ES cells, suggesting that H3K4me can be maintained at these unexpressed loci in both germ cells and in embryonic lineages that retain pluripotency. Conversely in C. elegans, transcriptional inactivity of the X chromosome during male spermatogenesis results in the X chromosome being largely depleted of H3K4me during meiosis and gametogenesis; this dearth of H3K4me persists in spermatid chromatin, and is heritably maintained through multiple cell divisions in the early embryo [51] .
Although epigenetic marks, including histone modifications and DNA methylation imprints, can be inherited from parents through Author Summary
The germ line transmits both genetic and epigenetic information between and across generations. The germ line uniquely retains developmental totipotency, and this property of germ cells is likely embedded in epigenetic information that is retained throughout the germ line cycle, within and across each generation. The methylation of Histone H3 on Lysine 4 (H3K4me) has been identified as both a mark of active transcription and a potential component of ''epigenetic memory.'' We show that C. elegans homologs of components of a conserved H3K4 methyltransferase complex, the Set1/MLL complex, are important for normal H3K4 methylation in C. elegans germ cells and early embryos. Interestingly, Set1/MLL component dependent H3K4 methylation can occur independently of transcription in early embryonic germline and somatic blastomeres, and also in adult germline stem cells. A separate H3K4 methylation mechanism that operates independently of Set1/MLL component activities appears more dependent on ongoing transcription. We hypothesize that H3K4 methylation is maintained throughout the germ cell cycle by alternating transcription-dependent and -independent mechanisms that maintain this component of the germline epigenome.
the gametes, there is significant erasure, or ''reprogramming'', of information in the zygote, and then again during germ cell specification [52] [53] [54] . The purpose of this reprogramming is unclear, but it is presumably related to the removal of epigenetic content that is incompatible with developmental pluripotency. Conversely, epigenetic information that defines the pluripotent state must be recognized and protected from erasure and/or actively maintained during this process. Many regions of the genome carrying this information may not be transcriptionally active during early embryonic stages, therefore maintenance of the epigenetic content may not be obligatorily coupled to transcriptional activity. Maintenance of transcription-associated marks like H3K4me and H3K36me may therefore require mechanisms operating outside of active gene expression. Evidence is mounting that such mechanisms exist. In addition to the maintenance of bivalent silenced loci and the MES-4 system mentioned above, a recent study in zebra fish embryos revealed a class of genes in which H3K4me3 alone is present at promoters with no evidence of ongoing transcription, further uncoupling this modification from transcription [55] . In addition, unmethylated CpG-rich regions of the genome can recruit H3K4 methylation independently of transcription, and this requires the Set1/MLL complex component Cfp1/CxxC1 [56] . These data indicate that H3K4 HMT complexes may play a role in the establishment and/or maintenance of H3K4me patterns in the genome independently of transcription. RNA Polymerase II (Pol II) is normally inactivated in the early embryonic germline of C. elegans [57] [58] [59] . Despite the absence of Pol II activity, and cell divisions that could dilute this mark (through replication-coupled de novo chromatin assembly), the level of H3K4me2 in the germline precursor chromatin remains relatively stable [54] . This suggests the existence of transcriptionindependent mechanisms capable of maintaining this mark. In these studies, we show that conserved components of Set1/MLLlike histone methyltransferase complexes are required for what appears to be a largely Pol II-independent mode of H3K4me maintenance in germ cells. Interestingly, this mode predominates in early embryonic somatic and germline precursors, and in larval and adult stages Set1/MLL complex component-dependent H3K4 methylation is most obvious in the germline stem cell (GSC) population. Mutations in some components show defects in germline stem cell maintenance, impair fertility and germ cell development, and exhibit a germline mortality phenotype [28] . Our results suggest that H3K4 methylation is an important component of the epigenetic regulation of germline establishment, maintenance, and function. We propose that a combination of transcription-dependent insertion, and transcription-independent maintenance, of this mark may be required to maintain a totipotent epigenome as it passes through the germ line across generations.
Results
Conserved Set1/MLL complex components are present in the genome of C. elegans H3K4me2 and me3 are considered to be hallmarks of transcriptional activity, as these marks are generally correlated with active genes in genome-wide studies [5, 8, 60, 61] . However, significant levels of H3K4me2 are stably observed in the chromatin of early dividing blastomeres and germline precursors (P cells) of C. elegans embryos, which exhibit little detectable RNA Polymerase II transcription [57, 59] . This suggests that transcription-independent mechanisms of maintaining this modification exist in these cells. We wished to identify the H3K4 methyltransferase(s) involved in the maintenance of this epigenetic mark and the consequences of their absence. All known H3K4 specific methyltransferases share the conserved catalytic SET-domain [62] . C. elegans contains 34 genes that encode SET domain proteins; sequence analysis suggests that two of them, set-2 and set-16, are most closely related to yeast Set1 and human MLL H3K4 HMT's. The SET domain of worm set-2 shares 80.6% and 74.2% homology with the human Set1A and yeast Set1 proteins, respectively, whereas the SET-domains of worm set-16 and human MLL3 share 66.7% homology (not shown).
C. elegans also contains homologs of other yeast COMPASS components (see Table 1 for nomenclature). Because COMPASS is often used to refer to the specific complex found in S. cerevesiae, we hereafter refer to the C. elegans homologs of conserved components as Set1/MLL complex components to denote the metazoan complex. Note also that although homologs of most Set1/MLL complex components have been identified in C. elegans, the existence of a complex composed of these components can only be inferred at this time. Three homologues of Swd3/WDR5 (wdr-5.1, wdr-5.2, and wdr-5.3) are found in the C. elegans genome (Table 1 and [27, 28] ). Other homologues include: F21H12.1 (Swd1/RbBP5), Y17G7b.2 (Bre2/Ash2), dpy-30 (Sdc1/hDPY30), cfpl-1/F52B11.1 (Spp1/Cfp1), and C33H5.6 (Swd2/Wdr82) ( Table 1 , and [27, 28] ). No Shg1 homologs were identified in C. elegans. Previous studies have shown that a SET1/MLL complex, as in other organisms, contributes to H3K4 methylation in C. elegans [27, 28] . Inactivation of the Set1 homolog set-2 resulted in a global decrease of H4K4me3 levels in mixed-staged populations, but little detectable change in H3K4me2 levels [28] . Knockdown of each of three other worm homologs of the Set1/MLL complex components, wdr-5.1/WDR5, dpy-30/ hDPY30, or cfpl-1/Spp1, resulted in decreases of both H3K4me2 and H3K4me3 to various degrees [28] . These experiments, while informative, did not assess stage-or tissue-specific effects of loss of these components, particularly in the germ line.
An essential role for Set1/MLL components in embryonic H3K4me regulation
To investigate how H3K4 methylation is regulated developmentally, we first asked if set-2 or set-16 was required for H3K4 methylation in early embryos. We dissected embryos from mutant strains and/or RNAi-treated animals and probed fixed whole mount specimens with antibodies specific to H3K4me2 or H3K4me3. In the RNAi protocol performed, treated animals are expected to exhibit reduction in both maternal and zygotic supplies of the targets. set-16(RNAi) caused .80% embryonic lethality, with survivors growing up to be Dumpy (Dpy phenotype) and sterile adults. In contrast, homozygous embryos from animals heterozygous for the set-16 (gk438) deletion allele (i.e., Maternal+/ Zygotic-), developed into Dpy and sterile adults, indicating substantial maternal rescue. Appreciable loss of either di-or trimethylated H3K4 (H3K4me2/me3) in any stage or tissue examined was not observed in either RNAi-treated or (maternally rescued) mutant embryos in our immunofluorescence assays ( Figure S1 and data not shown). This result potentially differs from a recent report showing a decrease in H3K4me3 in set-16 (RNAi) adults detected by western blot assays [27] ; the differences in the respective results may be due to differences in the assays and experimental focus.
However, and similar to a previous report, we observed that H3K4me3 was substantially depleted from nuclei of set-2 (tm1630) deletion mutant embryos ( Figure 1A ; [28] ). We also confirmed that H3K4me2 was not significantly affected in set-2 mutant embryos ( Figure 1B ; [28] ). Knockdown of set-2 by RNAi caused similar reduction in H3K4me3 levels in embryos, also without affecting H3K4me2 (data not shown). These results indicate that SET-2 is an HMT principally responsible for H3K4me3, and that other HMTs may regulate H3K4me2. We do not know if SET-2 acts to convert H3K4me2 to H3K4me3, but we did not notice any increase in H3K4me2 levels in set-2 mutants, as might be expected from a defect in such conversion (not shown).
In an attempt to identify the additional HMT(s) responsible for H3K4me2, we knocked down several additional SET domain containing H3K4 HMT candidates including: F15E6.1 (set-9), Y51H4a.2 (set-26), K09F5.5 (set-12), Y41D4b.12 (set-23), lin-59, set-25, and F25D7.3 by RNAi. We did not detect changes in H3K4me2/3 by immunofluorescence in any of these experiments (data not shown). These results confirm and extend the findings of others that SET-2 is the HMT activity that is largely responsible for H3K4 trimethylation in embryos ( [28] ). The dimethyl H3K4 HMT activity still remains to be identified. Figure 1 . Set1/MLL complex components are largely responsible for H3K4me2/3 in embryos. Embryos were dissected from WT, mutant, or RNAi treated adult eri-1(mg366; enhanced RNAi) animals. RNAi mediated knockdown was used for ash-2, dpy-30, cfp-1 and wdr-82. Embryos were probed with rabbit anti-H3K4me3 (Panels in A) or mouse anti-H3K4me2 monoclonal antibodies (Panels in B); DNA was counter-stained with DAPI. Exposure times were the same for each condition. Scale bars represent 10um. (A and B) H3K4me3 and H3K4me2 are present in chromatin of wildtype embryos, but both are dramatically decreased in chromatin of embryos from wdr-5.1 and rbbp-5 mutants, and embryos from ash2, dpy-30, or cfp-1 RNAi treated mothers. H3K4me3, but not H3K4me2, is reduced in set-2(tm1630) mutant embryos. RNAi mediated knockdown of wdr-82 did not affect either H3K4me3 or H3K4me2. (C) A wdr-5.1::GFP transgene rescues H3K4 methylation in the wdr-5.1(ok1417) mutant. wdr-5.1(ok1417);wdr-5.1::GFP transgenic embryos were probed with antibodies against GFP and H3K4me3/2 as indicated. H3K4me3/2 were restored in the chromatin of early embryos in which WDR-5.1:GFP expression was detected. (D) Western blot of lysates from mixed stage wdr-5.1(ok1417), wdr-5.2(ok1444), wdr-5.1;wdr-5.2 double mutant, and set-1(tm1630) mutant embryos. The blots were probed with anti-histone H3, anti-H3K4me1, mouse monoclonal antiH3K4me2 or rabbit polyclonal anti-H3K4me3 antibodies, as indicated. H3K4me3/2 levels were dramatically decreased in strains with the wdr-5.1(ok1417) allele, whereas H3K4me3 levels were more strongly depleted than H3K4me2 in set-2(tm1630). H3K4me1 levels were not noticeably affected in any mutant strain tested. doi:10.1371/journal.pgen.1001349.g001
To test whether the other conserved components of Set1/MLL complexes are similarly required for normal H3K4me regulation in embryos, we examined animals with mutations in the homologous genes and/or treated with RNAi targeting those loci. We first focused on the WDR5 homologs. Similar to set-2(tm1630) mutant embryos, H3K4me3 was strongly depleted from the nuclei of wdr-5.1(ok1417) embryos ( Figure 1A ). The wdr-5.1(ok1417) deletion allele is likely a null allele since an antibody against WDR-5.1 did not detect the WDR-5.1 band in western blot analyses ( Figure S2 ), and wdr-5.1(RNAi) resulted in phenotypes similar to ok1417 (not shown). However, unlike set-2(tm1630), significant loss of H3K4me2 was also observed in wdr-5.1 embryos, albeit not to the near background levels observed for H3K4me3 ( Figure 1B) . These defects are specific to loss of WDR-5.1 activity in the deletion mutants since both H3K4me2 and H3K4me3 defects could be rescued by a WDR-5.1::GFP transgene ( Figure 1C ). In contrast, neither mutation of wdr-5.2, nor knockdown of wdr-5.3 by RNAi, the other Swd3/WDR5 homologs, noticeably affected H3K4me3 or H3K4me2 levels in embryos, nor did combinations with wdr-5.1(ok1417) mutants exhibit additive defects in H3K4me (data not shown). These data indicate that among the WDR5 homologs, WDR-5.1 plays the predominant role in H3K4 methylation in early embryonic stages. Protein blot analysis of H3K4me2 and H3K4me3 marks present in embryos confirmed the immunofluorescence results ( Figure 1D ). H3K4me1 levels were not detectably affected in any of the mutants tested ( Figure 1D and data not shown).
We then examined other conserved Set1/MLL components. As with wdr-5.1(ok1417) mutants, both H3K4me3 and H3K4me2 were strongly reduced in the nuclei of rbbp-5(tm3463) mutant embryos ( Figure 1A and 1B) . Knockdown of rbbp-5 by RNAi resulted in similar defects, indicating our RNAi experimental conditions were efficient (data not shown). We then targeted homologs of other Set1/MLL complex components in an RNAi hyper-sensitive strain, eri-1(mg366). As shown in Figure 1A and 1B, ash-2, dpy-30, and cfp-1 are also required for normal levels of both H3K4me3 and H3K4me2 in early embryos. RNAi of wdr-82 showed no discernible effects on H3K4 methylation in our assays. Interestingly, H3K4 methylation was observed to become increasingly detectable in later stages of embryogenesis (.300 cells) in mutant and RNAi-treated embryos ( Figure S3 and data not shown). This indicates that HMT activities independent of these components exist in the embryo, and that the H3K4 marks provided by these activities become increasingly evident as development progresses.
Taken together, these data show that conserved homologs of Set1/MLL components contribute to the predominant mode of H3K4me regulation in early C. elegans development. All of the predicted complex components, with the exception of wdr82/swd-2, are essential for this HMT activity. SET-2 appears to be the H3K4 HMT operating in the context of this putative complex that is specifically required for H3K4 trimethylation, whereas a separate as yet unidentified HMT activity is responsible for H3K4me2 regulation. In later embryos, H3K4 methylation becomes detectable in the absence of Set1/MLL component function; this H3K4 methylation activity may correlate with a transcription-dependent process (see below).
WDR-5.1 binding to H3 is dependent on H3R2 methylation
As mentioned, WDR5 is thought to play a central role in core complex assembly and HMT regulation by interacting with MLL and/or histone H3 N-terminal tails [10, 18] . Binding of WDR5 to the histone H3 N-terminus is not affected by lysine 4 methylation, but instead is strongly inhibited by asymmetric dimethylation of arginine 2 (H3R2me2a) [33, 34] . To test if worm WDR-5.1, like its mammalian WDR5 counterpart, has similar interactions with the H3 tail, we incubated wild-type nuclear extract with biotinylated H3 peptides and assayed for WDR-5.1 interactions by western blot analysis of peptide-bound material using a WDR-5.1 specific antibody. As shown in Figure S4 , WDR-5.1 showed specific interactions with unmodified (H3K4me0) and H3K4me2 peptides, but not with an H3R2me2a-modified peptide. C. elegans WDR-5.1 thus has similar histone H3 binding characteristics to those of mammalian WDR5. These data, in addition to the H3K4 methylation defects observed in wdr-5.1, rbbp-5, and ash-2(RNAi) animals described above, strongly suggest that the these proteins probably exist in a complex that has similar attributes to other bona fide Set1/MLL complexes.
Set1/MLL-dependent H3K4 methylation maintenance in the early embryo is largely independent of transcription
The COMPASS complex is recruited to chromatin by the RNA polymerase II (RNA Pol II) holoenzyme complex in S. cerevisiae [5] , and thus in yeast H3K4 methylation appears to be strictly dependent on transcriptional elongation. However, as discussed earlier, there is growing evidence that H3K4 methylation in metazoans may not always be coupled to ongoing transcription.
In C. elegans embryonic germline precursors (P cells) there is little or no Pol II transcription [58] yet H3K4 methylation persists through the four cell divisions in this lineage. However, some differences are observed between di-and tri-methylated forms ( Figure 2 and [54] ). In wild type embryos, H3K4me3 is present from P1 and P2, but is decreased by 30% and by ,85% in P4, respectively ( Figure 2C and 2F), whereas H3K4me2 is maintained at comparable levels in P1 through P4 ( Figure 2E ). The levels of both H3K4me2/3 are essentially uniform in all somatic blastomere chromatin in all early stages. In wdr-5.1/wdr-5 mutant embryos both H3K4me2 and H3K4me3 are initially observed in the chromatin of 1-2 cell nuclei; this is presumably inherited from the gamete chromatin, as it is also strongly retained in the polar bodies (Figure 2B, 2D; arrowheads) [51] . However, the maintenance of both marks in subsequent cell divisions is severely compromised in the P cells of wdr-5.1 embryos ( Figure 2B , 2D). The loss is presumably through replication-coupled histone replacement, or other types of histone dynamics, as the levels decrease with cell number. Notably, H3K4me2/3 in the somatic cells were also strongly reduced in the absence of wdr-5.1 ( Figure 1, Figure 2 ). Similar results were observed in the rbbp-5/swd-1 mutant, as well after RNAi of ash-2, dpy-30, and cfp-1 (data not shown). These data suggest that Set1/MLL component-dependent mechanisms are responsible for maintaining normal levels of H3K4me2/3 in the transcriptionally inactive P cells and early somatic blastomeres. Early development is largely driven, and cell viability largely maintained by maternal supplies in C. elegans, so the early somatic blastomeres are not thought to be robustly active [63] . The maintenance of H3K4me2/3 in these early somatic lineages may thus also be largely independent of ongoing transcription
To further investigate this discordance between Set1/MLL mediated H3K4 methylation and active transcription, we knocked down ama-1 (the large, catalytic subunit of RNA Pol II) by RNAi in both WT and wdr-5.1 mutants. Under the conditions employed, ama-1(RNAi) resulted in 100% embryonic lethality and AMA-1 protein dropped to undetectable levels by immunofluorescence in early embryos ( Figure 3 ). In addition, the RNAi conditions employed were sufficient to abolish detection of the phospho-Ser2 modification on RNA Pol II (Ser2p; recognized by the H5 monoclonal antibody), which correlates with the elongating form of the RNA Pol II holoenzyme ( Figure S5A ). The depletion of AMA-1 in wild-type embryos did not significantly impact H3K4me3/me2 levels, and this ama-1(RNAi) ''resistant'' H3K4 methylation was not observed when wdr-5.1 was also defective ( Figure 3 ). RNAi of cdk-9, the kinase component of the essential RNA Pol II transcription elongation factor pTEF-b, also knocked down Pol II Ser2p to undetectable levels and this also had no appreciable effect on H3K4me3/2 maintenance ( Figure S5 ). We could not test if the WDR-5.1-independent H3K4 methylation we observed in later stages was also depleted by either RNAi, since the embryos arrested prior to those stages (not shown). Taken together with what we observed in the P cells above, these data strongly suggest that in all early embryonic nuclei, including germline precursors, H3K4 methylation maintenance is largely Set1/MLL component-dependent, and this activity is unaffected by significant reduction of ongoing transcription.
H3K4 methylation in adult germ cells has a unique mode of regulation
We next asked whether the Set1/MLL components are similarly required for H3K4me regulation in post-embryonic tissues. A recent report has shown that a worm MLL-like complex can attenuate Ras signaling in vulva development, but the vulva defects are only observed in a sensitized genetic background [27] . In our hands, mutants in some of the Set1/MLL component homologs, such as wdr-5.1/wdr-5 and rbbp-5/swd-1, exhibited fertility defects (below), so we focused on the adult germ line. In C. elegans, hermaphrodite germ cells first undergo spermatogenesis in larvae followed by a switch to oogenesis, which is maintained in adults. The adult germ cells are linearly and progressively arranged by developmental stage within the gonad arms, such that defects in any particular stage are easily identified. The mitotically active germ line stem cells (GSCs) reside in the most Figure 2 . WDR-5.1 is required for H3K4 methylation in embryonic cells that lack RNA Pol II activity. Embryos from wild-type and wdr-5.1(ok1417) animals were probed with mouse monoclonal antibody to H3K4me2 (A, B) or rabbit polyclonal antibody to H3K4me3 (C,D) in green, and anti-PGL-1 or mouse monoclonal antibody OIC1D4 to mark the germline precursors, P1-P4 (blue), and counterstained with DAPI (red). P-blastomeres are boxed and enlarged grayscale images are shown in insets with arrows marking chromatin stained for H3K4me2/3 as indicated. Arrowheads mark out-of-focus polar bodies, which retain oocyte chromatin and associated modifications. Images were taken of each sample with identical exposure times for each respective probe for comparison. mRNA production does not occur in wild-type germline P-blastomeres, yet H3K4me2 levels remain relatively constant in P1-P4 in these nuclei (A). H3K4me3, in contrast, has significantly declined by P4 (C). All H3K4me2 and H3K4me3 methylation in both the P-blastomeres and early somatic blastomeres is dependent on WDR-5.1 function (B,D). Bar = 10um. (E and F) Quantification of antiH3K4me2/me3 signals in the P cell nuclei. The mean anti-H3K4me2/3 IF intensity in each nucleus was normalized to the mean DAPI fluorescence intensity. Normalized signals were compared to the normalized mean of wild type P1 nuclei, which was arbitrarily set to 1. For each P-cell stage (P1-P4), 3-5 nuclei in similar states of chromatin condensation were measured in each experiment. The graph represents results from 3 independent experiments. a.u. = arbitrary units. Error bars = SEM. doi:10.1371/journal.pgen.1001349.g002 distal region of the gonads, and their entry into and progression through meiosis and gametogenesis occur sequentially as the cells move more proximally (e.g., left to right in Figure 4 ). The border between mitotic exit and meiotic entry, for example, is readily visualized by a characteristic condensation and crescent-shaped localization of all chromosomes within each nucleus in the ''transition zone'', comprising leptotene and zygotene stages. After exiting the transition zone, germ cells progress proximally into pachytene and then further on into oogenesis. H3K4me3 and H3K4me2 are normally abundant in the chromatin of all adult germ cell stages, and both are broadly distributed on all autosomes ( Figure 4A and Figure 5A ). These marks, however, are generally absent from the X chromosomes in all germ cell stages, with the exception of oogenesis [51, 64] .
We first examined the role of the Set1/MLL component homologs in H3K4me3 regulation in adult germ cells. H3K4me3 was dramatically decreased in a specific population of nuclei in set-2(tm1630), wdr-5.1(ok1417) and rbbp-5(tm3463) deletion mutants. The decrease we observed was limited to chromatin in the most distal nuclei, the region within which the germline stem cell population (GSC) resides (Figure 4 ). This pattern was identical to that observed with RNAi knockdown of set-2, wdr-5.1, or rbbp-5, indicating that these cells are not specifically resistant to RNAi (not shown). Interestingly, and in contrast to what we observed in embryos, RNAi mediated knockdown of ash-2, dpy-30 or cfp-1 had minimal effects on H3K4me3 levels in adult germ cell chromatin compared to the near 90% reduction observed in set-2, wdr-5.1 and rbbp-5 mutants (Figure 4) . Consistent with our results in embryos, wdr-82 knockdown also did not affect H3K4me3 in adult cells (data not shown). Significant H3K4me3 loss was also restricted to the GSCs in wdr-5.1 males, showing that the requirement for wdr-5.1 and rbbp-5 for GSC H3K4me3 is not sex-specific ( Figure S6A ).
The absence of redundancy and the highly overlapping H3K4me3 defect patterns in these three mutants are evidence that SET-2, WDR-5.1 and RBBP-5 work together in these cells. The absence of H3K4me defects observed with RNAi of ash-2, cfp-1, or dpy-30 indicates that, unlike in embryonic cells, these conserved components are not required for H3K4 methylation in the adult germline stem cells. The GSCs are not less susceptible to RNAi gene targeting, since RNAi of set-2, wdr-5.1, or rbbp-5 substantially knocks down methylation of H3K4 in the GSCs and ama-1(RNAi) was effective in this region of the gonad. Furthermore, RNAi mediated knockdown of ash-2, cfp-1, and dpy-30 all significantly affected H3K4 methylation in offspring from treated animals, and the lack of effect in the adult germ cells was observed in both the parents and similarly exposed adult siblings of affected embryos in these experiments (details diagrammed in Figure S7 ).
As the germ cells in the set-2, wdr-5.1, and rbbp-5 mutants progressed into meiosis, increasing levels of H3K4me3 was detected in the chromatin of pachytene stage and more proximal nuclei ( Figure 4A'-4D') . However, the levels of H3K4me3 in pachytene and diakinesis regions in wdr-5.1 were significantly reduced compared to wild type levels ( Figure S8A-S8C ). The wdr-5.1/rbbp-5-independent mechanism in meiotic germ cells may be additive to, or partially dependent on, what is placed in the chromatin by the WDR-5.1-dependent processes in the GSCs. Indeed it is also possible, and we cannot rule out by these experiments, that the separate mechanisms have separate targets. Transcription in adult germ cells appears to be highest in meiosis [65] , so the wdr-5.1 independent H3K4 methylation may be similar to the Set1/MLL-independent H3K4 methylation observed in late-stage embryos ( Figure S3 ). These results indicate that the regulation of H3K4me3 in embryos and adult GSCs depends on an HMT activity that requires different subsets of the ''panel'' of Set1/MLL components. The results also indicate that an additional, Set1/MLL component independent mode of H3K4 trimethylation is predominantly active in meiosis.
We also tested for H3K4me2 changes in mutant and/or RNAitreated adult germ cells. We found that, like H3K4me3, H3K4me2 in the GSC region was also only slightly affected by knockdown of ash-2, dpy-30, or cfp-1 (Figure 5E-5F). As in embryos, set-2, which is required for H3K4me3 maintenance, also was dispensable for H3K4me2 in adult germ cells ( Figure 5B ). Similar to H3K4me3, H3K4me2 levels were decreased 90% and 85% in the GSC region of wdr-5.1(ok1417) and rbbp-5(tm3463) mutant gonads, respectively ( Figure 5I ). RNAi of these two genes again showed similar defects in adult germ cells (data not shown). However, as shown in Figure S9 , H3K4me2 was reduced but not completely absent in the distal region of wdr-5.1(ok1417) gonads. Low levels of H3K4me2 are apparent, with longer exposure times, as discreet foci on the chromosomes, rather than the more diffuse chromatin pattern observed in wild-type GSC nuclei ( Figure S9C ). As with H3K4me3, H3K4me2 appeared in pachytene and diakinesis regions, and was also 50% below that of WT chromatin ( Figure S9A and S9D) . These defects and patterns were also observed in wdr-5.1 males ( Figure S6B) .
Notably, we observed similar defects in H3K4me2 staining (in both adults and embryos) in the wdr-5.1 strain using two different monoclonal antibodies from mouse [66] and rabbit (Millipore cat# 04-790). A significant decrease was also observed using a polyclonal antibody, but to a lesser extent (Millipore cat#, 07-030). Both the mouse monoclonal and polyclonal antibody signals were efficiently reduced when competed with H3K4me2 peptides, but not with H3K4me0, H3K4me1, or H3K4me3 peptides (not shown). The reason for the increased residual signal detected by the polyclonal antibody in the mutants is not known.
These results show that WDR-5.1 and RBBP-5 are essential for normal H3K4me2 and H3K4me3 in adult GSCs, and to a lesser extent, meiotic germ cells and (as in embryos) appear to rely on different HMT activities for the differently methylated products. Furthermore, some Set1/MLL components that are essential for H3K4 methylation in embryos do not appear to be required in adult germ cells. Regulation of H3K4 methylation in C. elegans, as in mammals, may therefore involve distinct HMT complexes to yield a variety of different outcomes in different tissues and developmental stages. There also appears to be H3K4-specific HMT activities in C. elegans that can be roughly divided into those that share a requirement for at least some homologs of the Set1/ MLL components, and those that do not. The H3K4 methylation activities we observe in meiotic chromatin and in later embryonic stages appear to fall into the latter class.
H3K4me maintenance by WDR-5.1/RBBP-5-dependent mechanisms in adult GSCs is largely independent of ongoing transcription
As described earlier, H3K4me2/3 maintenance in the embryonic blastomeres and germline precursors was not appreciably affected by the significant disruption of RNA Pol II activity. We investigated whether this was also the case in adult germ cells by targeting ama-1 with RNAi. AMA-1 protein is detectable in all adult germ cell chromatin until diakinesis stage in oogenesis, which largely lack RNA Pol II associated with chromatin ( Figure 6A -a' and c'; data not shown and [67] ). In both ama-1(RNAi) and wdr-5.1;ama-1(RNAi) animals, AMA-1 protein was depleted to undetected levels in the distal GSCs and in the more distal early-to mid-pachytene meiotic nuclei, but was still faintly detectable in more proximal nuclei ( Figure 6A-b' and d') . This is consistent with the more proximal (older) nuclei containing AMA-1 protein that had been translated prior to mRNA depletion by RNAi treatment. These results indicate that the RNAi had efficiently knocked down AMA-1 to undetected levels in distal-to mid-proximal germ cells in both genotypes in these experiments. Furthermore, the progression of germ cell development appeared to be crippled in these animals, as oocyte production had ceased, and 100% of all embryos produced up to the time point of analysis failed to hatch (not shown).
In parallel experiments, H3K4me3 and H3K4me2 patterns in ama-1(RNAi) gonads showed an interesting defect. In wild-type gonads treated with ama-1 RNAi, H3K4me2/3 levels in the GSCs (where H3K4me is dependent on wdr-5.1) were not significantly affected ( Figure 6 ). However, a swath of nuclei that had recently entered into and engaged in meiosis showed a 60-70% decrease in the levels of H3K4me3 and H3K4me2 ( Figure 6B-b' , f', brackets; and 6C and 6D, red bars). Note that both the GSCs and this ''swath'' of distal meiotic nuclei showed comparable depletion of AMA-1 protein in parallel animals, but H3K4me levels were only decreased in the meiotic nuclei ( Figure 6A-b' and d') . Late pachytene nuclei that exhibited AMA-1 antibody staining in parallel animals still showed significant H3K4me2/3 levels ( Figure 6C, green bars) . In wdr-5.1;ama-1(RNAi) animals, H3K4me2/3 was dramatically decreased in all nuclei from the distal GSC region to the mid-meiotic nuclei; i.e., the ama-1(RNAi) resistant H3K4 methylation in the GSC region was not observed (Figure 6B; d',h', 6C and 6D) . We also analyzed ama-1(RNAi) wild-type and wdr-5.1(ok1417) animals using the H5 (Pol II phospho-Ser2) antibody, and confirmed that the elongating form of RNA Pol II was depleted in the treated germ cells (Figure S10A and S10B). H3K4me3 in GSC chromatin was again largely unaffected in wild-type ama-1 (RNAi), whereas that in meiotic chromatin was significantly depleted ( Figure S10C ). In wdr-5.1; ama-1(RNAi) germ cells, both GSC and meiotic cell again showed reduced H3K4me3 in these experiments ( Figure S10D) .
Taken together, our data suggest that the H3K4 methylation in GSCs, that is largely dependent on wdr-5.1/rbbp-5 mediated mechanisms, is also largely impervious to substantial depletion of RNA Pol II. We cannot conclude that all Pol II activity was completely eliminated in these experiments, but the lack of anti-AMA-1 and anti-Pol II phospho-Ser2 signals, and the fully penetrant embryonic lethality preceding the cessation of oogenesis, indicates substantial ablation of ongoing transcription in the treated germ cells. Importantly, a significant component of H3K4 methylation that occurs in meiotic cells is largely independent of WDR-5.1, and this methylation was dramatically affected by the ama-1(RNAi) conditions employed. The meiosis-coupled H3K4 HMT activity is thus more closely linked to ongoing transcription. Thus WDR-5.1/RBBP-5-dependent mechanisms can maintain H3K4 methylation in both the embryonic germline and their postembryonic germline stem cell descendants in a largely RNA Pol II independent manner. We next investigated the role of WDR-5.1 in the larval transitions that bridge these germ cell stages.
Transitional regulation of H3K4me3/2 in proliferating larval germ cells
The H3K4 methylation that is maintained by Set1/MLL components in the transcriptionally inert P-blastomere chromatin is dramatically erased in the primordial germ cells (PGCs), named Z2 and Z3 [54] . The reduction in H3K4me is maintained throughout embryogenesis, and normally does not reappear until hatching ( Figure 7A and [54] ). The re-appearance of H3K4me2/3 at hatching usually coincides with reappearance of the phosphoSer2 modification of RNA Pol II, and thus presumably the reinitiation of productive transcription in these cells [68] . PGC proliferation in early stage larvae produces the germline stem cells that ultimately contribute to and maintain the adult germ cell population. In wild-type animals, H3K4me2/3 are present at robust levels in all germ cell nuclei at all post-embryonic stages. In wdr-5.1(ok1417) mutants, H3K4me3 reappearance was initially normal in the early PGCs and their progeny in L1 larvae, and remained detectable for a few cell divisions ( Figure 7B ). However, as the number of germ cells increased, H3K4me3 levels substantially decreased in the proliferating (now established) GSCs in wdr-5.1 L2 and early L3 larvae.
In later larval stages, as the wdr-5.1(ok1417) germ cells began to enter meiosis, H3K4me3 was observed to again accumulate in their chromatin, as observed in wdr-5.1 adult gonads (e.g., Figure 4 ). The H3K4me2 pattern was similarly defective in wdr-5.1 mutants (data not shown). These results indicate that concomitant with PGC reactivation, there is a period of wdr-5.1-independent H3K4 methylation as the GSCs first become established. Shortly thereafter, and during all subsequent larval and adult stages, H3K4 methylation in the proliferating GSCs becomes largely dependent on the WDR-5.1 mechanism.
WDR-5.1 and RBBP-5 are required for normal GSC maintenance
The GSCs are the proliferative cells that support the large numbers of gametes ultimately produced by C. elegans adults.
Mutations that affect the maintenance of this stem cell population affect the number of nuclei and thus the length of the pre-meiotic region of the gonad arms [69] [70] [71] . We examined the effect of wdr-5.1 and rbbp-5 mutations on the length of the GSC zone in young adult gonads. The established procedure is to measure the number of cell diameters from the most distal nucleus (the distal tip cell) to the first nuclei exhibiting the crescent-shaped chromosome morphology characteristic of cells entering early prophase I of meiosis (''transition zone'' nuclei; e.g.; [70] ). We also assayed for SYP-1 appearance, a synaptonemal complex protein [72] , to help identify the boundaries between the mitotic region and transition zone ( Figure 8B, 8D and 8F) .
A temperature-dependent defect was observed for GSC maintenance in both wdr-5.1 and rbbp-5 mutants: at 25uC the mutants exhibited shorter GSC zones (average 11 cell diameters) compared to identically staged wild-type animals (average 18 cell diameters; Figure 8G ). Indeed, some wdr-5.1 animals had GSC zones as short as 6 cell diameters ( Figure 8G ). The brood size of wdr-5.1 mutants was also substantially lower than wild-type animals, even at normal temperatures ( Figure S11A ). These data suggest that the H3K4me2/3 marks in the GSC chromatin that are maintained by the WDR-5.1/RBBP-5 dependent mechanisms, or the proteins themselves, may be important for normal maintenance of this stem cell population. Figure 6 . WDR-5.1-dependent H3K4 methylation in adult GSCs is unaffected by depletion of ama-1. Wild-type (A) and wdr-5.1(ok1417) (B) animals were treated with control RNAi or ama-1(RNAi). The gonads from treated animals were dissected, fixed, and probed with anti-AMA-1(8WG16), or mouse monoclonal antibody against H3K4me2/3 as indicated. Exposure times were the same for each antibody for comparison. (A) AMA-1 is undetectable in the RNAi treated gonads from both WT and wdr-5.1(ok1417) animals except in more proximally-located (older) nuclei (arrows) (b' and d'). (B) In gonads from parallel ama-1(RNAi) treated wild-type animals, a broad band of nuclei that lacks both H3K4me3 and H3K4me2 is apparent from the transition/meiotic entry zone to the region where AMA-1 protein is still detectable (b', f' brackets). The band excludes the distal GSCs. In wdr-5.1(ok1417); ama-1(RNAi) gonads, all distal nuclei lack H3K4me2/3, including the GSCs (highlighted by brackets in B; d' and h'). Scale bars represent 20um. (C and D) Quantification of anti-H3K4me2 or H3K4me3 signals in the germ cell nuclei from different regions of the gonad. Nuclei were randomly chosen from distal proliferative region, early pachytene (marked by brackets in b' and f') and late pachytene regions. Signals were measured and quantified as in Figure 4 . For each stage, 12 nuclei from 3 gonads were quantified. Anti-H3K4me3 and H3K4me2 signals (arbitrary units 6 SEM) were normalized to distal nuclei from RNAi controls. The graph represents results from 2 independent experiments. doi:10.1371/journal.pgen.1001349.g006
wdr-5.1 and rbbp-5 mutants display only partially overlapping somatic and germline developmental phenotypes
We further characterized the phenotypes of set-2, wdr-5.1 and rbbp-5 mutants. set-2(tm1630) mutants do not display obvious phenotypes when grown at either 20uC or 25uC ( Table 2 ), indicating that neither SET-2 or its H3K4me3 mark are overtly essential for normal development. At 20uC, wdr-5.1 animals were fertile, but showed 12% embryo lethality (Emb) and a moderate egg laying defect (Egl) ( Table 2 and Figure S12A ). In contrast, at 20uC, rbbp-5(tm3465) mutants exhibited multiple phenotypes including a Dumpy phenotype (Dpy), egg-laying defect (Egl), and significant sterility (24.4%; Table 2 and Figure S12A and S12B). The Dpy phenotype was not observed in wdr-5.1(ok1417) animals at any temperature, indicating that these factors may have non-overlapping roles in some somatic developmental pathways. The basis of the Dpy phenotype in rbbp-5(tm3465) animals, for which many candidate pathways exist, is unknown.
At elevated temperatures, wdr-5.1(ok1417) embryonic lethality rose dramatically to 29% for the 1 st generation at 25uC, and a previously reported germline mortality phenotype in subsequent generations was also confirmed ( Figure S11B and [28] ). When grown at 25uC, the mutant exhibited an increased frequency of sterile progeny with each generation. By the F4 generation, 67% of the embryos developed into sterile adults. Interestingly, sterility reached a maximum by the F4 generation, although the number of offspring produced by the few fertile animals at subsequent generations was low ( Figure S11B and not shown). When rbbp-5 L4 larvae were shifted to 25uC, 12.1% of their F1 progeny arrested as embryos; however, most (82.9%) of the survivors developed into sterile adults ( Table 2 ). The remainder appeared to be capable of producing sperm and oocytes, since some embryos were observed in these animals in utero, yet these embryos were not laid onto the plates nor did they hatch (Table 2) .
In vertebrates, mutations in WDR5 and MLL cause developmental defects, presumably because of their reported roles in regulation of Hox gene expression [18, 73] . Because of the embryonic lethality we observed in wdr-5.1 and rbbp-5 mutants, we tested for defects in Hox gene expression. We examined the expression of the Hox loci lin-39, ceh-13, mab-5 and egl-5 in wdr-5.1 mutant embryos grown at 20uC by qRT-PCR. We found no significant alteration in the expression levels of these four genes in wdr-5.1(ok1417) compared to wild type embryos, suggesting that WDR-5.1 is not required for Hox gene expression at normal temperatures in C. elegans (data not shown). To investigate the mechanism underlying the sterility of wdr-5.1(ok1417) and rbbp-5(tm3463) mutants, we dissected the gonads from sterile worms and stained with DAPI. We found that 75.9% of the gonads in sterile wdr-5.1(ok1417) mutants grown at 25uC had endomitotic oocytes (Emo phenotype); i.e., unfertilized eggs had prematurely entered the cell cycle and engaged multiple rounds of replication in the absence of cytokinesis (Figure 9B and 9D ; Class I). In addition, a small percentage of hermaphrodite gonads (5.1%) exhibited a Mog (masculinization of germline) phenotype in which only sperm were produced; i.e., the normal switch from Table 2 . Phenotypic analysis of the HMTase core complex component mutants. spermatogenesis to oogenesis in the germline had failed to occur (Figure 9B and 9D ; Class II). An additional 19% of sterile wdr-5.1 mutant animals had germ cells with severely abnormal DNA morphology and many apparently polyploid nuclei. The cells within the gonads of these animals were also disorganized; we observed what appeared to be spermatids in the mid-pachytene zone of some gonads ( Figure 9B ; Class III). Interestingly, 100% of the rbbp-5(tm3463) animals raised at 25uC were Emo and the other phenotypes were not observed ( Figure 9C and D) . The Emo phenotype in hermaphrodites can be caused by ovulation defects, which can result from either oocyte defects or defective sperm signaling defects, leading to misregulated re-entry into the cell cycle [74] . To test if the Emo phenotype in wdr-5.1 and rbbp-5 mutants was due to defective sperm in these animals, sterile wdr-5.1 and rbbp-5 animals grown at elevated temperature were mated with wild type males. We found that fertility could be at least partially rescued by WT sperm, suggesting that sperm defects contribute to the Emo phenotype in these animals (not shown).
Discussion
Our data provide evidence that conserved Set1/MLL components regulate global H3K4 methylation in early embryos. We also show evidence that only a subset of the canonical Set1/MLL components modulates H3K4 methylation in the post-embryonic germline stem cells of C. elegans. Assuming that, as in mammals and yeast, these components function in complexes, then there may be multiple complexes that share WDR-5.1 and RBBP-5, with SET-2 providing H3K4me3-specific HMT activity in one or a subset of these. Interestingly, the Set1/MLL-dependent activities do not seem to be completely dependent on ongoing transcription, in contrast to the related COMPASS complex in yeast. Instead a separate, and as yet unidentified mechanism appears to provide transcription-coupled H3K4 methylation in C. elegans. The loss of Set1/MLL activities that require WDR-5 and RBBP-5 is detrimental to normal development, function, and generational maintenance of germ cells in C. elegans, illustrating the importance of this core complex in maintaining and regulating the germline cycle as it transits across generations. Furthermore, individual mutants in the different complex homologs exhibit different spectra of somatic and germline phenotypes, indicating that these proteins may also function in unique contexts in different tissues.
H3K4 methylation is regulated by different complexes in different tissues and developmental stages
Set1 is the only identified H3K4 HMT in S. cerevisiae and is solely responsible for H3K4 methylation in this organism. The yeast Set1-associated complex (COMPASS) is composed of seven subunits: Swd1-3, Swd2, Swd1, Bre1, Sdc1, Spp1 and Shg1 [12] [13] [14] [15] . The Swd1 and Swd3 subunits are considered to be essential for complex stability and hence HMT activity. Sdc1 and Bre2 are required to stimulate transition from di-to trimethylation of H3K4, while Spp1 plays a role in H3K4 trimethylation efficiency [5, 25, 26] .
The organization of the Set1/MLL complexes in metazoans seems to be different from that of COMPASS. There are multiple HMTs with non-redundant functions, and the different HMTs function in the context of slightly different complexes [10, 17, 21, 75] . Most, if not all, appear to share a common platform composed of WDR5, RbBP5 and ASH2L [10] . This metazoan ''core platform'' is shared among different Set1/MLL complexes that differentially regulate H3K4 methylation in different tissues or developmental stages [10, 75, 76] .
All of the COMPASS and Set1/MLL components except Shg1 have orthologs in worms. We demonstrated that WDR-5.1, RBBP-5, ASH-2, CFP-1, and DPY-30 are all non-redundantly required for normal, global H3K4me2/3 maintenance in early embryos, strongly indicating that a complex that includes all of these factors is involved, although any individual complex could interact with either SET-2 and/or a different HMT (Figure 1) . Interestingly, in the post-embryonic germ line only WDR-5.1/ Swd3 and RBBP-5/Swd1 are essential for the normal maintenance of H3K4me2/3 in germline stem cells, while the other components appear to be dispensable. Strikingly, we observed no significant requirement for ASH-2 for H3K4 methylation in adult germline stem cells, although ASH-2 is required in embryos and is the homolog of Ash2L, an essential member of the core complex in mammalian cells. This is inconsistent with a recent report that concluded that ASH-2 affects lifespan through regulation of H3K4 methylation in germ cells; although a germ cell-specific defect in H3K4me after ash-2(RNAi) was not directly shown in that study [77] . Our results suggest that H3K4 methylation activity in the GSCs, if indeed it is operating within a complex, involves a complex with a unique, and potentially novel, subunit composition. Importantly, whereas H3K4me3 levels are nearly undetectable in set-2, wdr-5.1, and rbbp-5 mutant GSCs, H3K4me2 loss was not as complete in the wdr-5.1 and rbbp-5 mutants, and unaffected in set-2 mutants in early embryos and the adult GSCs. It is possible this represents a partial redundancy for a separate WDR5 isoform (e.g., WDR-5.2 and WDR-5.3), a more complex dynamics of the two levels of H3K4 methylation, or a role for another mechanism that is not dependent on WDR5 or RBBP-5.
Interestingly, in both embryos and post-embryonic germ cells, SET-2 is only required for H3K4me3 but not H3K4me2, while two core complex proteins, WDR-5.1 and RBBP-5, affect both modifications. This finding indicates that H3K4me2 and H3K4me3 may require distinct HMTs that rely on the same core complex containing at least WDR-5.1 and RBBP-5. Although we have not done an exhaustive combinatorial deletion/RNAi analysis of all SET protein candidates, it is interesting to note the reports showing that the core MLL complex in other species can exhibit H3K4 HMT activity in the absence of the MLL subunit [38] . H3K4 dimethylation in early embryo and GSC chromatin could involve a complex that includes WDR-5.1 and RBBP-5, but may not include a SET domain protein.
Notably, WDR-5.1/RBBP-5-independent, and presumably transcription-coupled, H3K4 HMT activities are predominant in cells of mid-to-late stage embryos and meiotic germ cells, and at very low levels in early embryos and the GSCs. To attempt to identify the HMT involved, we also tested numerous SET domain candidates by RNAi in the wdr-5.1(ok1417) mutant background, but did not observe any significant changes in H3K4 methylation (data not shown). A recent report concluded that SET-16 is an H3K4-specific HMT required for efficient attenuation of Ras signals in some somatic lineages, and reported a decrease in total H3K4me using Western blot analyses [27] . We did not observe significant H3K4me2/3 decreases by immunofluorescence in either early embryos or adult germ cells in set-16(gk438) mutants or set-16(RNAi).
Notably, the transcription-dependent process and H3K4me1 levels in chromatin are both largely independent of Set1/MLL components. This could indicate that this activity is only capable of single methyl group transfers, and that the transcriptiondependent H3K4me2 and H3K4me3 levels that we observe result from reiterative RNA Pol II initiation events (and subsequent additional methylation) at active loci. It will be interesting to determine what HMTs and/or complexes are responsible for WDR5/RBBP-5-independent H3K4 methylation.
The Set1/MLL activities can operate independently of transcription in C. elegans Yeast Set1 is recruited to chromatin through the RNA polymerase II elongation machinery. As a result, yeast Set1 HMT activity is dependent upon transcription activation, and H3K4 methylation is thus associated with transcribing genes [8, 9] . In contrast, our data indicate that Set1/MLL and WDR-5.1/ RBBP-5 mediated H3K4 methylation may not strictly rely on active transcription in C. elegans. First, H3K4me2/3 is maintained by Set1/MLL components in early germline precursors, cells that have been shown to lack significant levels of active RNA Pol II transcription [58] . The H3K4me we observe in the P cell chromatin (and indeed chromatin in all blastomeres) is densely distributed throughout all chromosomes (an exception being the paternal X [51] ), and this distribution seems inconsistent with low levels of active transcription of a small number of genes, or confined to Pol I or Pol III transcription. Second, although zygotic transcription of some genes can be detected in early somatic blastomeres [78] , the genome appears to be also largely quiescent in these cells, and bulk zygotic genome activation is not thought to occur until later embryonic stages [59] . Indeed, H3K4 methylation in the early somatic blastomeres is also unaffected by ama-1 and cdk-9 RNAi indicating that the bulk of H3K4me is also maintained in a transcription-independent process in these cells. Third, whereas ama-1 RNAi is able to deplete SET-2/WDR-5.1/ RBBP-5 independent H3K4 methylation in meiotic nuclei, the H3K4 methylation in GSCs that depends on these proteins is unaffected by substantial loss of AMA-1 activity. Fourth, the detection of H3K4me in chromatin is not a reliable indicator of productive transcription in C. elegans germ line, in which disrupted correlations between RNA Pol II activity, or signs thereof, and H3K4me regulation are apparent at multiple developmental stages. For example, in the embryonic germline there is a transient appearance of phosphoSer2-modified RNA Pol II in the PGCs, which antithetically coincides with a dramatic genome-wide erasure of H3K4me2 [53] .
We cannot rule out that the Set1/MLL components may also be capable of participating in transcription-coupled H3K4 methylation; indeed, there are reduced H3K4me2 and H3K4me3 levels observed in meiotic germ cell chromatin in the wdr-5.1 and rbbp-5 mutants. This may indicate either an additional role for these proteins in transcription-dependent accumulation of these marks, or a requirement for WDR-5.1/RBBP-5 dependent marks to achieve normal levels of H3K4 methylation during transcription (or normal transcription itself). Regardless, our evidence suggests these processes can operate independently in germ cells. A summary of the disconnected dynamics between RNA Pol II CTD phosphorylation and H3K4me3 in wild type and wdr-5.1/rbbp-5 mutants through the germline cycle, summarizing from this study and published work, is illustrated in Figure 10 .
In the L1 larva, there is an initial coincidence of active Pol II transcription activation and the WDR-5.1/RBBP-5/SET-2 independent mode of methylation in the expanding population of germ cells. Interestingly, once the GSC population becomes established from the founder PGCs, the mode of H3K4 methylation switches to what appears to be a largely transcription-independent or maintenance mode in the GSCs. A hypothetical reason for this switching of modes could be that the initial reactivation of transcription, and its accompanying transcription-dependent H3K4 methylation, could be used to re-establish, or reinforce, a germ cell-specific ''epigenome'' that is then maintained in the GSCs by the WDR-5.1/RBBP-5 dependent mechanisms. This could be guided, in part, by other epigenetic marks, such as H3K27 and H3K36 methylation imposed by the C. elegans germcell enriched, PRC2-related MES-2/3/6 complex and the metazoan-specific H3K36 HMT MES-4, respectively [79] . We have also found that H3K4me2 incorporated during adult germ cell development appears to contribute to the distribution of this mark in both gametes and subsequently in early embryos (J. Arico and W. Kelly, manuscript submitted). The overall pattern inherited by the embryo from the gametes may be maintained in a Set1/MLL component-dependent manner in early cell divisions (this study), thus completing the germline epigenome cycle.
The loss of WDR-5.1 or RBBP-5 leads to defects in germ cells that include a defect in sperm development, which contributes to the Emo phenotype. Mutations in these genes also lead to progressive germ cell defects in later generations (e.g., the observed temperature sensitive mortal germline defect). This indicates that successive passage of the genome through the compromised epigenetic environment of these mutants leads to progressive defects from successive failure, during multiple rounds of the germ cell cycle, to properly maintain the epigenome. The temperature dependence of these phenotypes is not unusual for germline processes; indeed, we have previously described a null mutation in the gene emb-4 that yields a temperature-sensitive maternal effect embryonic lethality and that also shows defective H3K4 methylation dynamics in the PGCs [80] . Importantly, we cannot rule out the functions for wdr-5.1 and rbbp-5 that might be independent of their role in the maintenance of H3K4 methylation, since the H3K4me defects in these mutants were present at both 20uC and 25uC while the phenotypes are far more severe at 25uC. This is an important question that we are currently addressing.
A recent report showed that mutations in wdr-5.1, ash-2, or set-2 result in an increase in lifespan in C. elegans [77] . In that study it was shown that the enhanced lifespan increase was not observed in animals that lacked GLP-1 function, a Notch receptor required to [68] ). Notice that pSer2 is absent in the P-cells, in which H3K4me3 is maintained, and that loss of H3K4me3 occurs in the P-cell/PGC stage despite the appearance of pSer2. doi:10.1371/journal.pgen.1001349.g010 maintain the post-embryonic proliferating germline stem cell population. It was concluded that the germline function of the Set1/MLL complex contributes to its role in lifespan. Our results could imply that it is the GSC-specific role for this complex that may play a more direct role in lifespan. However, we did not observe a role for ASH-2 in either stem cell maintenance or H3K4 methylation in our studies, whereas ash-2 mutants were observed to have an extended lifespan. This may further indicate that these Set1/MLL components play roles that may not be tied to their function in H3K4 methylation.
It is becoming increasingly clear that epigenetic processes guide germline establishment and the trans-generational maintenance of this totipotent lineage in many, if not all, metazoans. Although there has been much focus on the role of erasure mechanisms during epigenetic reprogramming, there is also a requirement to establish and/or maintain epigenetic information that contributes to pluripotency. This is especially true in the germ line, the lineage that transports both the DNA and its epigenetic content across generations. Any changes or defects in establishment, maintenance, or selective erasure of the epigenetic content required during any stage of the germ cell cycle encounters the strong selective filter of fertility. Our results suggest that this filter may act through alternating cycles of transcription-dependent establishment and transcription-independent maintenance of histone methylation. We propose that these mechanisms help provide and maintain a germline-specific epigenome that contributes to the underlying basis of the totipotency of this lineage.
Materials and Methods

Worm strains
C. elegans strains were maintained using standard conditions at 20uC unless otherwise noted. N2 (Bristol) was used as the wild-type C. elegans strain. The following mutant strains were used in this study: set-2(tm1630)III, wdr-5.1(ok1417)III, wdr-5.2(ok1444)X, rbbp-5(tm3463)II, set-16(gk438)III and eri-1(mg366)IV. The wdr-5.1::GFP transgenic strain was a generous gift from Dr. F. Palladino, Ecole Normale Superieure de lyon, France.
RNAi analysis
Double stranded RNA (dsRNA) corresponding to set-2, wdr-5.1, rbbp-5, ash-2, dpy-30, cfp-1, wdr-82, or ama-1 were generated using the Ribomax Large Scale RNA production kit (Promega). L4 staged eri-1(mg366) or WT animals were soaked in 1ug/ul of dsRNA for 24 hours at 20uC. The worms were then transferred to feeding plates containing bacteria expressing dsRNA targeting the corresponding gene, or carrying the empty L4440 vector for control experiments. After the first 24 hours, the worms (P0) were transferred to a new set of feeding plates. The worms (P0) were dissected after 24-48 hours and stained as described below. In some experiments F1 animals and their F2 progeny were also analyzed in immunofluorescence experiments, and/or assessed for embryonic lethality and sterility. For ama-1, wild-type or mutant L4 larvae were picked and soaked in either 0.5ug/ul dsRNA in 1x soaking buffer, or buffer alone for 24 hours at 20uC. The worms were then transferred to feeding plates with bacteria expressing the same dsRNA for an additional 24-30 hrs. Worms were dissected, fixed and prepared for immunofluorescence analyses 50 hours post soaking.
Immunofluorescence
Worms were dissected and fixed in paraformaldehyde/methanol [68] for H3K4me2/3, AMA-1, GFP, 8WG16 and SYP-1 staining. A methanol/acetone fixation procedure [81] was used for L1-L4 larvae staining. Samples were fixed in methanol/formaldehyde for H5 staining as described [68] . Rabbit anti-H3K4me3 (1:1000) and anti-H3K4me1 polyclonal antibodies were purchased from Abcam (ab8580 and ab8895, respectively). Mouse monoclonal antibodies against H3K4me3 (CMA 304; 1:1000) and H3K4me2 (CMA303; 1:20) were gifts from Dr. Hiroshi Kimura (Osaka University, Japan [66] ). Mouse monoclonal antibody against GFP (MAB3580 1:500), Rabbit polyclonal (07-030 1:1000) and monoclonal (05790 1:1000) antibodies against H3K4me2 were purchased from Millipore. Monoclonal antibody OIC1D4 (1:5) and rabbit anti-PGL (1:10000) were gifts from Dr. S. Strome, UC Santa Cruz. The RNA polymerase II monoclonal antibodies used to detect AMA-1 protein (clone 8WG16 1:100) and phosphoserine 2 isotope of RNA Pol II (clone H5 1:50) were purchased from Covance (MMS-126R and MMS-129R, respectively). Rabbit anti-SYP-1 (1:100) was a gift of Dr. A. Villeneuve, Stanford University. All secondary antibodies were purchased from Molecular Probes and were used at 1:500 dilutions: goat antimouse IgG (Alexafluor 488); goat anti-rabbit IgG (Alexafluor 594), donkey anti-rabbit IgG (Alexafluor 488); donkey anti-mouse IgG (Alexafluor 594). DAPI (Sigma, 2 ug/ul) was used to counter-stain DNA. Worms were mounted in anti-fade reagent (Prolong Gold, Molecular Probes). Images were collected using a Leica DMRXA fluorescence microscope and analyzed with Simple PCI software (Hamamatsu Photonics). To quantify the immunofluorescence signals, the mean fluorescence intensity was measured for middle focal plane images of each nucleus from Z-stack images collected for each sample and normalized to the fluorescence signal obtained for DAPI. For all compared samples, the exposure time for each probe was set below image saturation for the brightest nucleus among the samples being compared.
Western blot analysis
Worms were washed from OP50 plates and bleached to collect embryos. To remove egg shells, the embryos were subsequently treated with 1 U/ml chitinase (Sigma, C6137) in egg buffer (25 mM HEPES pH 7.4, 118 mM NaCl, 48 mM KCl, 2 mM MgSO 4 , 2 mM CaCl 2 ) at 20uC for 40 min, and were boiled in 1X SDS-PAGE sample buffer. The samples were loaded and run on a 15% SDS-PAGE gel and transferred to PVDF membrane. The proteins were probed with the following antibodies: rabbit polyclonal anti-H3 at 1:10,000 (Abcam ab1791), rabbit polyclonal anti-H3K4me3 at 1:3,000 (ab8580), mouse monoclonal antiH3K4me2 at 1:100 (gift from Dr. Hiroshi Kimura, Osaka University, Japan), rabbit polyclonal anti-H3K4me1 at 1:1000 (ab8895).
Peptide pulldown assays
Biotinylated peptides corresponding to the N-terminus of histone H3 were used for peptide affinity analyses of WDR-5.1 in worm nuclear extracts. Biotinylated H3 (unmodified) and H3 (dimethyl-Lys4) peptides were purchased from Millipore (Cat#12-403 and 12-460, respectively). Biotin conjugated H3 peptides asymmetrically dimethylated at Arg2 (H3R2me2a) were synthesized by the Keck Biotechnology Resource at Yale University. For the binding assay, mixed-stage WT worms were washed off plates with PBS, washed 3X in PBS with protease inhibitor cocktail (Roche), and the worms were frozen at -80uC. To isolate the nuclei, the worm pellet was thawed and ground by mortar and pestle in 2x volume of Nuclear Isolation Buffer (NIB; 25 mM HEPES (pH 7.5), 25 mM KCl, 0.1 mM EDTA, 0.1 mM DTT, 10 mM MgCl 2 and 0.5 M sucrose) in liquid nitrogen. The samples were then transferred to a homogenizer in NIB buffer and stroked 20 times on ice. Nuclei were collected by centrifugation. Nuclear proteins were extracted in Nuclear Extract Buffer (NEB 20 mM HEPES (pH 7.5), 2 mM EDTA, 25% glycerol and 0.1% NP-40) with 350 mM KCl. Prior to pulldown, the nuclear extracts were diluted with NEB buffer without KCl to obtain a solution with 150 mM KCl. The peptide pull down assay was performed according to Wysocka, et al [82] . Briefly, the extracts were incubated with peptides pre-bound to avidin beads overnight at 4uC. After washing with HEPES buffer containing 150 mM KCl for 3 times, the beads were then boiled in 1X SDS buffer and subjected to western blot analysis for WDR-5.1 detection. The WDR-5.1 rabbit antiserum was generated via immunization with a peptide comprising the last 15 C-terminal amino acids of WDR-5.1 (Pickcell Laboratories, The Netherlands). Anti-WDR-5.1 antibodies were affinity purified on Affi-Gel 15 columns (BioRad Laboratories).
Temperature-sensitive (ts) phenotypic analysis
WT and mutant L4 worms (P0) were picked and shifted to 25uC. F1 embryos were counted to score embryonic lethality. To score sterility, 100 L1 larvae of animals grown at 25uC were picked onto separate plates pre-warmed to 25uC. Sterile adult offspring were counted 24 hours post L4 based on an absence of embryos in the uterus. The sterile animals were dissected to extrude gonads, and the whole-mount fixed samples were stained with anti-SYP-1 antibody and counter stained with DAPI. The images were collected on a Leica DMRA microscope. The length of mitotic regions (MR) were measured by counting the number of aligned nuclei from the distal tip of the gonads to the either the appearance of the characteristic crescent-shaped transition zone nuclei and/or the appearance of anti-SYP-1 immunofluorescence. The number of nuclei on one focus plane of DAPI images was used to reflect the length of mitotic zone.
Brood size and mortal germline assay 10 L4 worms were picked and incubate at 20uC or 25uC. F1 embryos were counted for brood size. To score sterility, 100 L1 larvae of F1 from 20uC or 25uC plates were picked onto a new set of plates and kept at the corresponding temperatures. Sterile adult F1 animals were identified and counted based on the lack of embryos in utero. Figure S1 Knockdown of set-16 does not affect H3K4me3 in adult germ cells. L4 larvae of eri-1(mg366) were soaked in set-16 dsRNA, or 1x soaking buffer in control samples for 24 hours at 20uC and recovered on feeding plates with bacteria expressing set-16 dsRNA. F1 animals were continuously exposed to RNAi feeding during subsequent growth. Dissected and whole-mount fixed gonads from F1 adult animals were stained with H3K4me3 antibodies and counter-stained with DAPI. Exposure times were the same for each condition. Figure S2 wdr-5.1 (ok1417) is a null mutation. Lysates from mixed stage wild type and wdr-5.1 (ok1417) populations were analyzed by Western blot using an affinity-purified anti-WDR-5.1 polyclonal antibody. A band corresponding to the predicted MW of WDR-5.1 was present in wild type but absent in wdr-5.1 (ok1417) mutant. This antibody also detects a non-specific band at .80 kDa. Found at: doi:10.1371/journal.pgen.1001349.s002 (0.80 MB TIF) Figure S3 Set1/MLL-independent H3K4 methylation is detectable in later stages of embryogenesis. Comma-stage to 1 K-fold stage embryos from wild-type, wdr-5.1(ok1417), and rbbp-5(tm3463) animals, or eri-1(mg366) animals treated with either control RNAi or ash-2(RNAi) were fixed and stained for H3K4me2 or H3K4me3 (as indicated), and counter stained with DAPI. Arrows indicate nuclei with significant levels of H3K4me2/3 despite loss of the indicated Set1/MLL components. Scale bars = 10um. Found at: doi:10.1371/journal.pgen.1001349.s003 (1.63 MB TIF) Figure S4 WDR-5.1 interaction with H3 peptides is independent of Lys4 methylation but influenced by Arg2 methylation. Nuclear extracts from WT (N2) were incubated with biotinylated histone H3 N-terminal peptides either unmodified on K4 (H3K4me0), dimethylated on K4 (H3K4me2), or unmodified on K4 and asymmetrically dimethylated on R2 (H3R2me2a). The peptides were incubated with avidin beads, washed, and bound proteins eluted with SDS sample buffer and analyzed by Western blot using anti-WDR-5.1 antibody as probe. Total lysate (5% input) was included as control to identify WDR-5.1. WDR-5.1 was detectably bound to the H3K4me0 and H3K4me2 peptides, but no interaction with H3R2me2a was observed. A control in which no peptide was added to the lysate prior to avidin bead affinity purification is also shown (Avidin lane). Figure S8 H3K4me3 levels are reduced in all adult germ cell stages in wdr-5.1 mutant gonads. Dissected and whole-mount fixed gonads from wild-type (A, A') and wdr-5.1(ok1417) (B, B') adult hermaphrodites were probed with antibodies to H3K4me3 (A' and B') and counterstained with DAPI (A and B). Gonad arms are displayed with the distal regions to the left. Images were taken with identical exposure time for comparison. As in Figure 4 , H3K4me3 is most strongly depleted from the chromatin of the distal region germ cells; however, significant decreases were also observed in more proximal pachytene and diakinesis regions. Bars = 10 um. Figure S11 Temperature-dependent fertility and germline mortality defects in wdr-5.1(ok1417) mutants. (A) 10 WT or wdr-5.1(ok1417) hermaphrodites were grown continuously at 20uC, or were shifted to 25uC as L4 larvae and their F1 progeny were counted. (B) wdr-5.1(ok1417) L4 larvae were shifted to 25uC, and 100 F1 larvae were picked onto separate plates and scored for sterility. Fertile animals at each subsequent generation were further maintained at 25uC and the sterility of their offspring (F2-F6) was assessed. 
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